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Abstract 
Incremental forming is a most flexible process to manufacture custom specific sheet metal parts without any dedicated dies.  It 
uses a hemi-spherical headed tool to deform the sheet in to required three dimensional shapes. The path of the tool is controlled 
by a part-program generated using computer aided manufacturing software. In this paper the formability of extra deep drawing 
steel is investigated through numerical simulations. For this varying wall angle conical and pyramidal frustums are used as test 
geometries. These geometries are designed with four different generatrices namely: circular, elliptical, parabolic and exponential. 
The formability of all these eight geometries is tested using analytical FLD curve in LS-DYNA. The maximum wall angles 
obtained from numerical simulations are compared with experimental values.  A good correlation was observed between 
experimental and simulation results. 
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1. Introduction 
Incremental sheet forming (ISF) is getting wider attention from aerospace, automotive and bio-medical 
industries due to its capability to manufacture complex shapes with simple tooling. The process does not require any 
product specific dies, moreover the formability of material is more compared to conventional stamping process 
[Jeswiet et al. 2005]. Thus the conventional forming limit curve can not be used to assess the formability of material 
in ISF. Instead the fracture forming limit curve (FFLC) is used to analyze the material formability in ISF.  
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The intercept of FFLC with major principal strain axis is represented as FLD0. FLD0 and maximum wall angle 
that can be formed without fracture are two parameters which can be used to assess the formability in ISF. Hussaini 
et al. 2009 proposed an analytical equation to calculate FLD0 in terms of percentage of reduction in area (Ar) 
obtained from simple tension test.  
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Fratini et al. 2004 studied the effect of mechanical properties on forming limit curve by forming pyramids and 
conical shapes with different materials. They proposed the following equation to find the FLD0 as a function of 
strength coefficient (K), strain hardening exponent (n), percentage reduction in area (A) and normal anisotropy (Rn).  
 
FLD0 = 8.64 – 36.2n – 0.00798K + 0.373Rn – 0.104A% + 0.0301K*n + 0.607n*A%            (2) 
 
 The FFLC has negative slope with value approximately equal to -1 [Silva et al. 2008].  Martins et al. 2008 
studied the effect of process parameter on the slope of FFLC. They proposed the following equation to get the slope 
of FFLC interms of tool radius (rtool) and sheet thicknesses (t). 
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FFLC can also be constructed experimentally by forming different shapes and measuring limiting strains in the 
fracture zone. Cones, pyramids, dome shape, continuously varying wall angle parts and simple line test [Filice et al. 
2002; Jeswiet et al. 2005a; Kim and Park 2002] are generally used to capture the limiting strains under different 
strain paths. The FFLC obtained experimentally or through analytical model can be given as an input to the 
numerical simulation software to assess the formability of the material.  
2. Experimental Procedure  
Extra deep drawing (EDD) steels are the most widely used steel material today for automotive applications A 
square sheets of 250 mm X 250 mm X 1mm size were used for incremental forming on 3-axis CNC milling 
machine. Varying wall angle conical and pyramidal frustums were formed with different generatrices. Circular, 
Elliptic, Parabolic and Exponential curve segments were used as generatrices. Conical geometries were modeled 
with top base diameter of 110 mm and angle was varied from 400 to 800. In case of pyramidal geometries top base is 
a square of side 110 mm and angle was varied from 400 to 800.  
 
 
 
Fig. 1. Varying wall angle conical and pyramidal frustums with circular generatrix 
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All the parts were formed with a hemi-spherical headed tool of 10 mm in diameter with a feed rate of 750 
mm/min and step depth of 0.5 mm. The required toolpath to form different geometries were generated using Pro-
Manufacturing software. All the parts were formed till the fracture. After the fracture the parts were removed from 
the fixture and depth of the fracture was measured using vernier height gauge. The CAD models of varying wall 
angle conical and pyramidal frustum is shown in Fig. 1. 
2. Finite element model 
The varying wall angle conical and pyramidal frustums were simulated using explicit finite element code LS-
DYNA. The finite element models of forming tool, blank and backing plate were shown in Fig. 2. The blank was 
modeled with shell elements of edge length 1 mm. The forming tool and backing plate have been considered as rigid 
bodies. The blank material was modeled using swift power law plasticity. The edges of the blank were fixed to 
simulate the blank holder. The friction between the tool and blank was modeled using columb's friction law. A very 
low coefficient of friction of 0.01 was considered for simulation. The contact between tool and blank;   blank and 
backing plate were modeled using CONTACT ONEWAY SURFACE TO SURFACE keyword in LS-DYNA. The 
material properties used for numerical simulation was shown in Table. 1. 
 
 
 
Fig. 2. Finite element model of incremental forming setup. 
 
 
Table 1. Material properties for numerical simulation and for prediction of FLDo 
 
Density  (Kg/m3) 7800 
Youngs modulus (in Gpa) 200 
Poissons ratio 0.23 
Strength coefficient (in Mpa) 560 
Strain hardening exponent 0.23 
Normal anisotropy         1.03 
 
3. Results and Discussion 
 
In the present paper, quality of incrementally formed parts is analyzed using strain based forming limit curve 
(FLC). If the principal strains in the formed component is below the FLC the part is considered to be safe otherwise 
the part is considered to fail under forming conditions. The FLC curve of EDD steel sheet in incremental forming is 
calculated using equation (1). The y-intercept of forming limit curve (FLD0) for EDD steel using material properties 
mentioned in table 1 is found to be 1.59. 20% of FLD0 is considered as a safety margin. This safety margin can take 
care of experimental uncertainties and effect of process parameters on FLC. 
The principal strain history of varying wall angle conical frustums with different generatrices is shown in Fig. 3. 
The strain history in the figure revels that the material is undergoing plane strain conditions. The depth of the 
fracture and corresponding wall angle with conical frustums is found from forming limit diagram. The wall angle 
calculated from numerical simulations is found to be very close to experimental values. The maximum error has 
occurred with part having exponential generatrix and is equal to 3.62%. The fracture depth and wall angle from 
experiments and simulations with different generatrices is summarized in Table. 2. 
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Fig. 3. Distribution of major and minor principal strains in varying wall angle conical frustums with (a) Circular generatrix (b) Elliptical 
generatrix (c) Parabolic generatrix (d) Exponential generatrix 
 
 
Table 2. Fracture depth and wall angle from experiments and numerical simulations for varying wall angle conical frustums 
 
 Generatrix 
type 
Fracture depth  
from experiments 
 (in mm) 
Fracture depth  
from simulations 
  (in mm) 
Limiting wall 
angle from 
experiments 
Limiting 
wallangle from 
simulations 
Error in  
wall angle 
prediction 
Circular 63 61.45 77.40 76.610 1.02% 
Elliptical 63.5 61.86 75.420 74.530 1.18% 
Parabolic 51.5 45.94 73.210 72.360 1.16% 
Exponential 72.5 57.5 75.050 72.330 3.62% 
 
The principal strain history in pyramidal frustums with different generatrices is shown in Fig. 4. The strain 
history of these parts reveals that the faces of frustums are under plane strain condition, while the corners of the 
parts are undergoing bi-axial stretching. In all the pyramidal parts, the fracture has occurred at the corners. The 
experimental and simulated values of fracture depth and wall angle with different pyramidal frustums are 
summarized in Table. 3. The maximum error has occurred with part having exponential generatrix and is equal to 
2.65%. 
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Fig. 4. Distribution of major and minor principal strains in varying wall angle pyramidal frustums with (a) Circular generatrix (b) Elliptical 
generatrix (c) Parabolic generatrix (d) Exponential generatrix 
 
Table 3. Fracture depth and wall angle from experiments and numerical simulations for varying wall angle pyramidal frustums 
 
 Generatrix 
type 
Fracture depth  
from experiments  
(in mm) 
Fracture depth  
from simulations   
(in mm) 
Limiting wall 
angle from 
experiments 
Limiting 
wallangle from 
simulations 
Error in  
wall angle 
prediction 
Circular 54 55.11 72.760 73.340 0.79% 
Elliptical 62 61.13 74.60 74.130 0.63% 
Parabolic 41 39.25 71.470 71.120 0.49% 
Exponential 59.16 50.58 72.670 70.740 2.65% 
 
 
4. Conclusions 
 
Formability of varying wall angle conical and pyramidal frustums with circular, elliptical, parabolic and 
exponential generatrices are analyzed in LS-DYNA using analytical forming limit curve. The maximum error in 
limiting wall angle prediction with conical and pyramidal frustums is found to be 3.62% and 2.65% respectively. 
The principal strain history of the parts from numerical simulations reveal that the conical frustums are under plane 
strain condition, while the pyramidal frustums are under bi-axial stretching. The study shows that the formability 
assessment with finite element simulations is in good correlation with experimental values. 
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